A Bacillus subdlis strain deficient in homologous recombination was isolated from a library of Tn9171ac insertion mutants. The interrupted locus consists of an open reading frame encoding a 22,823-dalton polypeptide. Analysis of the deduced amino acid sequence revealed 34% identity and 47.3% similarity with the LexA protein from Escherichia coli. The gene was designated dinR. It is located between the recA and thyA genetic markers, at 1620 on the B. subtilis chromosome. The dinR gene was shown to be expressed during the entire B. subtilis cellular cycle with at least a threefold increase when cells develop competence. In addition, the use of a merodiploid strain, in which a copy of the wild-type dinR gene coexists with a dinR-lacZ transcriptional fusion, demonstrated that dinR is an SOS gene and that the SOS-induced expression of dinR occurred only when a wild-type copy of dinR was present. In addition, DinR seems to regulate the expression of dinC, another SOS gene.
When exposed to DNA-damaging agents, prokaryotic cells induce the SOS DNA repair pathway, leading to the expression of multiple genes. In Escherichia coli, the transcriptional induction of SOS genes results from activation of the RecA protein, which promotes cleavage and thus inactivation of both LexA, the repressor of the SOS genes, and the repressor of temperate phage genes (for reviews, see references 26 and 27) . The E. coli and Bacillus subtilis SOS systems are similar. The induction of B. subtilis recA (formerly recE) and damage inducible (din) genes by DNA damage is controlled by an analogous RecA-dependent mechanism (17) . Proteolytic cleavage of the E. coli LexA protein in vitro is facilitated by the B. subtilis RecA protein (15) . In addition, B. subtilis recA mutants that are unable to induce the SOS response have been partially trans-complemented by a plasmid expressing the E. coli recA gene (3, 14) . Finally, comparison of the deduced amino acid sequences of the two RecA proteins demonstrates several regions of similarity, and the immunoreactivity of B. subtilis RecA to antibodies raised against E. coli RecA suggests conservation of structural domains (17, 25) .
While many similarities exist between the E. coli and B. subtilis SOS systems, one notable difference is observed during genetic transformation, which is an efficient means of homologous recombination in B. subtilis. During the first step of transformation, cells develop competence, which confers on them the capacity to bind and take up exogenous DNA. Genetic exchange then occurs by integration of the donor DNA, which has been converted to single-stranded DNA molecules, into the recipient chromosome. Several other phenomena, such as enhanced mutagenesis (23) , prophage induction (28) , and transcriptional activation of din genes (13) , occur during the development of competence. These observations have led to the proposal that the SOS response is induced during transformation, even in the absence of a known DNA-damaging agent.
To initiate the process of genetic transformation, specific transcription of competence (com) genes is necessary. Some of these genes are expressed throughout exponential growth in a variety of media; others are expressed during the transition from the exponential to the stationary phase of growth in a specific competence medium (4). In the latter condition, a fourfold overexpression of the recA gene (16) has also been observed. At present, this increased synthesis of RecA is poorly understood. Nevertheless, it appears to be controlled by a competence-specific mechanism that is distinct from the classical SOS response, since this stimulation does not require the presence of a functional RecA protein.
The competence-related stimulation of recA expression is observed in a recA4 (formerly recE4) mutant, whereas the overexpression of recA after DNA damage is inhibited (16) . However, the induction of other din genes during competence is observed only in the presence of wild-type RecA activity (13) . Although RecA accounts for most recombinational events during transformation, transduction, and protoplast fusion in B. subtilis (5, 9) , other Rec-mutants have been isolated that are sensitive to radiation or chemicals that damage DNA (9) . Therefore, the identification of genes involved in genetic recombination and the characterization of their activities during the SOS response might establish a molecular basis for the relationship between these two processes.
By using Tn9J7lac insertional mutagenesis, we have identified a new gene in B. subtilis that is involved in genetic recombination. Molecular characterization of this gene (dinR) revealed that it encodes a protein that is similar in sequence to that of LexA. The transcription of the B. subtilis dinR gene occurs during all stages of the cellular cycle and appears to be controlled by a self-regulatory mechanism.
Comparison of dinR expression during the SOS response with dinR expression during the development of competence leads to the conclusion that an SOS-independent regulation of dinR occurs during genetic transformation.
MATERIALS AND METHODS
Bacterial strains, plasmids, bacteriophages, and growth media. B. subtilis strains were derivatives of wild-type strain 168 and are listed in Table 1 . To construct a dinR merodip- loid strain, the plasmid carrying a promoter-proximal 2.4-kb BglII fragment (pB16 obtained as described below; see Fig.  1 ) was used to transform wild-type (dinR+) B. subtilis, with selection for chloramphenicol resistance (Cmr). This resulted in integration of the plasmid by a single reciprocal recombination event (Campbell-like) with duplication of the 2.4-kb fragment, generating a disrupted copy of dinR as well as an intact copy. To construct the M0576 and M0577 strains, the dinCJ8 was moved into the wild type and M0575 by PBS1 transduction. The strain YB5018 harboring the dinCJ8 mutation was obtained from R. E. Yasbin (13 (18) . The following plasmids were used: pTV32 (30) was used to make a Tn9171ac insertion library, pTV21A2 (30) was used to clone the chromosomal dinR::Tn9J7 gene fusion, and pB16 was derived by cloning the BglII fragment containing the dinR: :lacZ fusion from M0542 (dinR: :Tn917: :pTV21A2).
Media used for growth of B. subtilis cells or phages have been described previously (5) . Erythromycin was utilized al 20 ,ug/ml, lincomycin was used at 40 ,ug/ml, MC was used at 50 or 150 ng/ml, rifamycin was used at 5 ,ug/ml, and chloramphenicol was used at 5 ,ug/ml. E. coli cells were grown in LB medium (18) with ampicillin at 50 jxg/ml and 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-Gal) at 40 ,ug/ml when required. M13 phage stocks were grown in 2x YT medium (18) .
Genetic, physiological, and molecular procedures. Genetic transformation, transduction, development of competence, chromosomal and plasmid DNA purification, Southern blotting, and hybridization were performed as described previously (5) . P-Galactosidase assays were conducted by using bacteria grown in Schaeffer's medium or in Oxoid rich medium; no significant differences relating to a particular medium were observed. For measuring ,B-galactosidase during competence, a one-step protocol was used as described previously (1) . In The transposon insertion in M0534 was mapped between the thyA and recA markers, at 1620 in the B. subtilis chromosome (data not shown), in a region where no rec mutation had been previously identified. In experiments described below, we show that the product of the locus mutated in strain M0534 is required for induction of a din gene by MC.
We therefore designated this locus dinR, and the Tn917lac insertion mutation in strain M0534 was given the allele number dinRI. Cloning the dinR::lacZ fusion from strain M0534. To clone the dinR::lacZ fusion, we took advantage of the residual recombinational activity in strain M0534 to replace the internal DNA sequences of Tn9J7 by the plasmid pTV21A2 which contains both ends of the transposon, the pBR322 replicon, and a chloramphenicol resistance marker (30) . This plasmid was introduced into M0534 by transformation, and the recombinants in which the plasmid had been crossed onto the chromosome by homologous recombination were selected by plating bacteria on media containing chloramphenicol. The DNA of the resulting strain M0542 (MLS sensitive and chloramphenicol resistant) was purified and digested by the restriction enzyme BglII. Digested DNA was subsequently circularized by ligation with T4 DNA ligase and introduced by transformation into competent E. coli HB101 cells, with selection for ampicillin resistance (Ampr) on X-Gal-containing plates. The resulting plasmid of 11.5 kb (named pB16) contained the gene fusion from M0542 with 2.4 kb corresponding to the region upstream from the transposon insertion; its restriction map is shown in Fig. 1 .
To ensure that no additional chromosomal rearrangements had occurred during the transposon mutagenesis or during the replacement of Tn917 internal sequences by pTV21A2, we used pB16 DNA as a probe in Southern blot experiments to determine the physical map of the dinR locus in wild-type and M0534 strains. As shown in Fig. 1 , the resulting physical map of the chromosomal region affected by the Tn9171ac insertion reveals that the transposon insertion is located in a 5-kb EcoRl fragment. This fragment also contains one BglII, one PstI, two SphI, one PvuII, and two EcoRV sites. The same restriction sites were observed in corresponding positions on the wild-type and M0534 chromosomal DNAs as well as in pB16. These data confirmed that the B. subtilis DNA present in pB16 indeed corresponds to the chromosomal DNA located upstream from the transposon in M0534.
Nucleotide sequence of the dinR gene. strain M0556 as described in published methodology (29) or by cloning from chromosomal DNA by a shotgun approach. These strategies were unfruitful, suggesting that the presence of the intact B. subtilis dinR gene on a multicopy plasmid was toxic for E. coli.
Because strategies to clone the intact gene were unsuccessful, nucleotide sequencing was carried out on restriction fragments of the chromosomal insert in pB16 (see Fig. 4 ). The 460-bp EcoRV-ClaI and 420-bp EcoRV-EcoRV fragments from pB16 ( Fig. 1) were purified, sonicated, and cloned in M13. To obtain clones overlapping the junctions between these two fragments, the 1.6-kb PstI-ClaI fragment was also sonicated and cloned in M13. Recombinant phages that hybridized with the 32P-labeiled EcoRV-ClaI fragment were recovered. These strategies allowed us to determine the double-stranded nucleotide sequence of the 900-bp fragment located immediately upstream from the transposon insertion. To sequence the distal region of the gene, the inverse PCR technique was used. The core DNA sequence chosen for this procedure was the fragment between the EcoRV site nearest to the transposon insertion point and the upstream end of the transposon. Inverse PCR and nucleotide sequence determination were performed as described in Materials and Methods.
Overall, the nucleotide sequence of 1,100 bp corresponding to the area into which the transposon was inserted was determined for both strands of DNA (Fig. 2) Comparison of the amino acid sequence deduced from this ORF with the NBRF protein data base, by using the computer program FASTP (11) , showed significant similarity between this protein and (i) the sequence from the repressor LexA from E. coli (7) and (ii) the sequence of the UmuD protein from E. coli (21) . By using the RDF program (11) The alignment of the ORF sequence with that of UmuD indicated that the similarity was restricted to areas concerned with RecA-mediated cleavage. These regions are also conserved in the sequences of the other proteins that undergo RecA-mediated cleavage (Fig. 3B) . On the other hand, alignment with the LexA sequence was found to extend over the entire length of the proteins (Fig. 3A) , showing 33.6% identity and 47.3% functional similarity.
Analysis of the dinR upstream region (Fig. 2) shows a possible promoter region defined by a putative -10 TATAAT box at nucleotide position 355 and a -35 TTG-TAC box at nucleotide position 332. These sequences are similar to the consensus sequences of the cra3 promoters (19) .
In addition, three putative B. subtilis SOS boxes (GAAC-N4-GTTC) (2) was located downstream from dinR at nucleotide position 1038.
DNA damage-related expression of dinR. The transposon insertion in mutant M0534 resulted in a transcriptional fusion between the lacZ gene carried by Tn917 and dinR.
3-Galactosidase activity was measured during growth in rich medium with or without the addition of MC (Fig. 4) . ,B-Galactosidase activity was the same during all phases of bacterial growth and in the presence and absence of MC. This result indicates that, in the dinRi background, dinR is expressed during growth and is not induced by DNAdamaging agents.
To determine if functional DinR protein was necessary for efficient induction of dinR during SOS response, we constructed the strain M0556, a merodiploid that contains both the dinR-lacZ fusion and a wild-type copy of dinR (see Materials and Methods). 3-Galactosidase activity was measured in the merodiploid strain M0556 grown in rich medium with and without the addition of MC. The ,B-galactosidase activity in M0556 cells grown in rich medium was four times higher than that in M0534 cells. Moreover, immediately after the addition of MC, 3-galactosidase activity increased fourfold in the merodiploid strain (Fig. 4) . These results indicate that the induction of dinR transcription by MC requires a wild-type DinR protein.
Competence-related expression of diaR. Transcriptional activation of din and recA genes occurs in competent cells in the absence of any known DNA-damaging agent. We quantified the influence of the development of competence on the expression of the dinR gene by measuring 3-galactosidase activity in the M0534 and M0556 strains during this physiological state. Both the mutant and merodiploid strains, which had produced constant levels of 3-galactosidase activity through all phases of growth in rich medium, werej grown in a competence-developing medium. In both strains, 3-galactosidase activity increased threefold over a period of scription represents a minimal estimate of dinR induction in competent cells. This result shows that dinR, like recA and other din genes, is overexpressed during competence without the intervention of any known DNA-damaging agent. This competence-related increase in transcription does not appear to require DinR.
Effect of DinR on expression of another din gene after MC treatment. The similarities between the DinR and LexA proteins suggest that DinR might be the regulator of the expression of other din genes. To test such a hypothesis, the effect of the dinRI mutation on dinC gene expression was measured. We first constructed a derivative of strain M0534 which no longer expresses ,-galactosidase. The M0575 strain (dinRI Lac-Cm) was created by transduction with a PBS1 lysate carrying plasmid pTV55A2 (see Materials and Methods). This resulted in the replacement of Tn9171ac with DNA sequences deleted for lacZ. The dinC18::Tn9171ac fusion was then introduced into strains M0575 and 1680' by PBS1 transduction. P-Galactosidase activity driven by the dinC promoter was measured in both M0576 (dinCJ8:: Tn917lac) and M0577 (dinRi::pTV55A2 dinC18::Tn917-lac) strains during growth in rich medium with or without the addition of MC (Fig. 6) . The expression of dinC in the M0576 strain, which contains the wild-type allele of dinR, dinC gene after DNA damage. An alternative view is that DinR is normally a repressor of din genes and that the dinRI :pTV55A2 mutation creates a repressor that is always in the active form. (26) . In B. subtilis, a different motif, consisting of the sequence 5' GAAC-N4-GTTC 3', has been identified in the regulatory regions of all din genes, the recA gene, and, in this study, the dinR gene. It has been proposed that this consensus sequence functions as an SOS operator site in the regulation of the expression of the mentioned loci.
The specific cleavage of LexA produces two peptides, the first of which is 84 amino acids long and is sufficient to confer the DNA-binding capacities of the protein (8 (12) . In addition, recent experiments have confirmed the presence of a decreased level of RecA in M0534 cells (22) .
When ,-galactosidase activity was measured in the merodiploid strain M0556, in which a wild-type DinR protein is produced along with the mutant protein, the basal level of expression of the dinR-lacZ fusion was four times higher than that of the mutant (Fig. 4) . Moreover, the addition of MC led to induction of expression of the dinR-lacZ fusion in the merodiploid strain, indicating that dinR is indeed an SOS gene. We conclude from these results that the dinR wild-type allele is dominant over the dinRI allele and that the dinR expression in B. subtilis is self-regulated. The low-level expression of the dinR-lacZ fusion in strain M0534 suggests that the truncated DinRl protein is still able to bind to its DNA target, perhaps in a dimer conformation as was previously suggested for LexA (8) . The dominance of the dinR wild-type allele over the dinRI allele might be the result of either a lower rate of formation of a DinRl homodimer or a weaker interaction with the DNA target sequence.
The dinR gene is expressed at a constant rate throughout the cellular cycle of B. subtilis, as judged by the ,3-galactosidase activity assayed in the dinR-lacZ fusion strains M0534 and M0556. Overexpression of this gene is observed in both strains when cells are grown in a competence-developing medium in the absence of an external signal of DNA damage. The induction of dinR under these conditions is also observed for the other din genes and for recA. Previous work has demonstrated that the inducible expression of din loci as a consequence of the development of competence occurs by a RecA-dependent mechanism. Nevertheless, cells carrying din mutations are able to develop competence and are recombination proficient (17) . In contrast, recA is induced by a competence-specific regulation in a RecA-independent way. The competence-related overexpression of dinR is independent of the presence of a dinR wild-type gene (Fig.  4) . This suggests that dinR is induced during competence by a mechanism different from the SOS response; the relationship of such an induction with the activity of RecA is still to be elucidated. These data extend the idea of the existence of a dual system of regulation for some SOS-inducible genes as postulated in earlier works (16) , one mediated by the repressor activity of DinR and the other mediated by a mechanism related to the competence phenomenon. 
